Multiple autoimmune pathologies are associated with single-nucleotide polymorphisms of the human gene TAGAP, which encodes TAGAP, a guanosine triphosphatase (GTPase)-activating protein. We showed in mice that Tagap-mediated signaling by the sema3E/plexin-D1 ligand-receptor complex attenuates thymocytes' adhesion to the cortex through their  1 -containing integrins. By promoting thymocyte detachment within the cortex of the thymus, Tagap-mediated signaling enabled their translocation to the medulla, which is required for continued thymic selection. Tagap physically interacted with the cytoplasmic domain of plexin-D1 and directly stimulated the activity and signaling of the GTPase RhoA. In addition, Tagap indirectly mediated the activation of Cdc42 in response to the binding of sema3E to plexin-D1. Both RhoA and Cdc42 are key mediators of cytoskeletal and integrin dynamics in thymocytes. Knockdown of Tagap in mice suppressed the sema3E-and plexin-D1-mediated release of thymocytes that adhered within the cortex through  1 -containing integrins. This suppression led to the impaired translocation of thymocytes from the cortex to the medulla and resulted in the formation of ectopic medullary structures within the thymic cortex. Our results suggest that TAGAP variation modulates the risk of autoimmunity by altering thymocyte migration during thymic selection.
INTRODUCTION
The establishment of central tolerance in the thymus depends on tightly orchestrated chemokine-driven migratory patterns, shuttling positively selected T cells from the thymic cortex to the medulla for further selection processes (1) . Initiation of thymocyte translocation from the cortex to the medulla requires sema3E, a medulla-derived, secreted semaphorin that binds to plexin-D1 on the thymocyte surface, enabling cell migration. Sema3E/plexin-D1 signaling disrupts constitutively active  4  1 integrin-and  6  1 integrin-mediated adhesion (2) . The active conformation of  1 -containing integrins involves stabilizing interactions with the cytoskeletal components actin, talin, and kindlin (3, 4) . Adhesion occurs through the cortex-localized integrin ligands, vascular cell adhesion molecule-1 (VCAM-1) and laminin, which bind to the  1 -containing integrins on thymocytes (VCAM-1 to  4  1 and laminin to  6  1 ) (2) . In the absence of plexin-D1, sema3E cannot release the activated  1 integrin conformation, and CD4 + CD8 + [double positive (DP)] thymocytes remain adherent to their integrin ligands and persist in the cortex, developing into CD4 + or CD8 + singlepositive (CD4SP or CD8SP, respectively) thymocytes therein rather than in the medulla (2, 5, 6) . Inhibiting the migration of positively selected DP thymocytes from the cortex to the medulla affects medullalocalized negative selection and results in the development of autoreactive humoral responses in Plxnd1 conditional knockout (CKO) mice (2) . At the gross phenotypic level, as assessed by fluorescenceactivated cell sorting (FACS) analysis, no abnormality in thymocyte subsets or T cell development is observed. Although the detailed relationship between sema3E/plexin-D1 signaling and  1 integrin conformation is not yet fully understood, cytoskeletal reorganization that releases the stabilizing interaction between the actin/talin/kindlin complex and  1 -containing integrins is a likely mechanism for conversion from high-to low-affinity integrin conformational states (4) .
Semaphorin signaling through plexins, a large family of transmembrane proteins, mediates guidance cues influencing directional migration in the developing nervous, vascular, and immune systems (7) . The cytoplasmic tail of each plexin contains a segmented guanosine triphosphatase (GTPase)-activating protein (GAP) domain. Whereas the GAP domain of plexin-B1 regulates R-Ras activity (8, 9) , the results of studies of plexin-D1 GAP domain activity are controversial. GAP activity for plexin-D1 has been reported but only under nonphysiological conditions or when using complex, whole-cell lysates [(10, 11) ; see also eLetter by Negishi and Buck in response to (11) ]. Other studies showed no intrinsic GAP activity of the plexin-D1 cytoplasmic domain for putative downstream GTPases (12, 13) . It has been suggested that plexin-D1 may function as a GTPase docking domain for other GAP proteins, thereby indirectly stimulating guanosine 5′-triphosphate (GTP) hydrolysis and inhibition of GTPase activity (12, 13) . We thus investigated whether developing thymocytes had GAPs that functioned downstream of sema3E/plexin-D1. Having previously found no alteration in Rap GTPase activity in thymocytes in response to sema3E signaling through plexin-D1 (2), we focused on the RhoGAPs that regulate members of the Cdc42, Rho, and Rac GTPase subfamilies. These subfamilies of the Rho GTPase family control the cytoskeletal and adhesion processes that are essential for initiating and maintaining cell migration (14) .
RESULTS

Evidence that thymocyte plexin-D1 GAP activity results from RhoGAP sequestration
Focusing on Cdc42 as the Rho GTPase that establishes the leading edge in cells preparing to undergo directed migration, we investigated initially whether sema3E signaling through plexin-D1 altered the ratio of active (GTP-bound) to inactive [guanosine diphosphate (GDP)-bound] Cdc42. Using the DP thymocyte-like cell line DP257-20-109 ( fig. S1 ) (15) , a time and dose-response analysis detecting active Cdc42 by glutathione S-transferase (GST)-p21-activated protein kinase 1 (PAK1)-Cdc42/Rac interactive binding (CRIB) and copreci pitation indicated the maximal activation of Cdc42 at 10 min after exposure to sema3E (~3 g/ml) (Fig. 1A) . Stable overexpression of full-length plexin-D1 in DP257-20-109 cells, which increased its cell surface expression about eightfold (Fig. 1B) , impaired Cdc42 activation after sema3E binding to plexin-D1, and slightly but consistently reduced the basal activity of Cdc42 in the absence of sema3E (Fig. 1C, top) . The increase in active Cdc42 in the parental cells stimulated with sema3E is not compatible with plexin-D1 functioning as a direct GAP for Cdc42, which would increase the hydrolysis of GTP and result in less GTP-bound active Cdc42 and more GDP-bound inactive Cdc42. However, an impaired sema3E-mediated increase in active Cdc42 could occur if the overexpressed plexin-D1 interfered with the formation of appropriately organized receptor oligomers competent to signal (16, 17) . The reduction in basal Cdc42 activity in plexin-D1-overexpressing cells in the absence of sema3E suggested a ligandindependent effect of overexpressing this receptor. To differentiate between sema3E-dependent effects and the intrinsic functionality of plexin-D1 independent of sema3E binding, we monitored the effect of overexpression of plexin-D1 on the increase in active Cdc42 induced by the chemokine CXCL12 (also known as stromal cellderived factor 1) (18) . Here, CXCL12 was unable to induce an increase in active Cdc42 in either parental or plexin-D1-overexpressing cells; however, in the latter, the basal amount of active Cdc42 was reduced compared to that in the parental cell line (Fig. 1C, bottom) .
A previous study found that the myristoylated cytoplasmic domain (myr-cyto) of plexin-D1 in transfected cells shows GAP activity for R-Ras (10) . Unexpectedly, we found that DP257-20-109 cells overexpressing myr-plexin-D1-cyto exhibited both an increase in basal active Cdc42 and increases in active Cdc42 in response to both sema3E and CXCL12 (Fig. 1C) . The differences between the effects of overexpression of full-length plexin-D1 and myr-plexin-D1-cyto upon active Cdc42 abundance led us to consider the proposition that the GAP activity for Cdc42 may not be intrinsic to plexin-D1 but rather may result from the signaling-dependent assembly on the plexin-D1 cytoplasmic tail of other signaling moieties. Specifically, full-length plexin-D1 may sequester Cdc42 GAPs close to the cytoplasmic face of the plasma membrane, reducing the baseline activity of Cdc42 with consequences for extracellular signal transduction. In contrast, the myr-plexin-D1-cyto form may sequester the same GAPs to other membrane compartments of the cell, effectively reducing their localization to the plasma membrane, thereby enabling both enhanced basal Cdc42 activity and greater responsiveness to exogenous stimuli.
To directly test whether plexin-D1 exerted direct GAP activity for Rho GTPases or R-Ras, we generated a nonmyristoylated recombinant plexin-D1 cytoplasmic tail with a myc-His tag fused to the C terminus (plexin-D1-cyto). This recombinant protein maintains the last helix of the C-terminal GAP domain and the putative GIPC PDZ domain containing family member 1 (GIPC1)-interacting domain of plexin-D1 (19, 20) . We could not detect any GAP activity of this recombinant protein in a biochemical assay in which we measured the release of inorganic phosphate (P i ) by GTP-loaded recombinant Cdc42, Rac1, or R-Ras (Fig. 1D) . In contrast, the positive control p50-RhoGAP showed GAP activity on Cdc42. Assuming that the C-terminal addition to the disordered terminal GIPC1-interacting residues (-GluAla-COOH) did not affect the activity of the GAP domain (20) , this reconstituted assay with recombinant proteins suggests that the direct or indirect GAP activity of plexin-D1 in cells occurs only in the context of other proteins. Furthermore, we found no direct binding of activated Rho or Rap GTPase to the plexin-D1 cytoplasmic domain in a mammalian two-hybrid assay ( fig. S2 ).
Identification of candidate plexin-D1-interacting GAPs from thymocytes
To determine the potential GAP proteins that are likely to interact with plexin-D1 during thymocyte development, we performed bioinformatics analysis that identified transcripts encoding 44 RhoGAPs expressed in mouse; of these, 30 were likely to be expressed in thymocytes (table S1). We screened mouse thymocytes for these 30 transcripts and identified 8 as full-length transcripts from which we could produce recombinant proteins of the expected sizes ( Fig. 2A and  table S1 ). The selected mouse GAP proteins exhibit high sequence conservation with their human counterparts (mean, 82.1% identity and 87.3% similarity) with conservation of the GAP domain (mean, 92.0% identity and 96.0% similarity) lending support to their similar functionality. Coexpression of each of the eight selected RhoGAPs with plexin-D1 led to the identification of three proteins, Tagap, Arhgap9, and Arhgap26, that reproducibly coimmunoprecipitated with plexin-D1 (Fig. 2B) . Cells expressing a GAP that coimmunoprecipitated with plexin-D1 exhibited cytoskeletal collapse, became round, and detached from the culture dish (Fig. 2, C and D) . With the exception of cells expressing Arhgap15, those cells expressing GAPs that did not consistently coprecipitate with plexin-D1 showed no morphological changes ( fig. S3) .
At the CD69 + stage of DP thymocyte development, where plexin-D1 function is critical (5), both Tagap and Arhgap9 transcripts were abundant (Fig. 2E) (21) . Because Tagap mRNA abundance correlates with T cell receptor (TCR) activation (22, 23) , a process that precedes the CD69 + DP stage of thymocyte development, and because multiple polymorphisms at the human TAGAP locus are associated with autoimmune diseases (Fig. 2F and table S2), we investigated Tagap as a downstream effector of plexin-D1. Initially, we investigated whether there was a direct interaction between the cytoplasmic tail of plexin-D1 and Tagap. We found that FLAG-tagged Tagap interacted with the Myc-tagged cytoplasmic domain of plexin-D1 (Fig. 2G) , consistent with a direct interaction. Given the caveats associated with comparing between different assay systems, the interaction between the purified recombinant proteins did not appear to be as robust as that between full-length plexin-D1 and FLAG-tagged Tagap coprecipitated from cells (Fig. 2B ). This disparity raises the possibility that other cellular proteins may stabilize the interaction, that transmembrane domain-mediated dimerization of plexin-D1 may offer a preferred binding interface for Tagap (24) , or both.
Effects of inducible Tagap knockdown on thymocyte development
If Tagap activity were obligatory for plexin-D1 signaling and other GAP proteins did not compensate for the loss of Tagap activity, then some functional or developmental phenotypes consequent to the loss of plexin-D1 might be recapitulated in the absence of Tagap. We examined the phenotypes of transgenic mice in which Tagap was repressed by doxycycline-inducible RNA interference (RNAi) (Fig. 3A) . We found no obvious alteration in the total cellularity or phenotypic distribution of thymocytes in the thymus or in their surface expression of plexin-D1 (Fig. 3 , B to E). Next, we examined whether sema3E regulation of thymocyte  1 integrin-mediated adhesion was altered as a result of Tagap knockdown (KD), as observed in both Plxnd1 germ line and CKO thymocytes (2, 5) . Both wild-type (WT) and Tagap KD thymocytes, which were ~85% CD4 + CD8 + DP cells (Fig. 3C ), adhered to a VCAM-1-coated surface, but exogenously added sema3E stimulated the release of only the WT cells (Fig. 3 , F and G, and movies S1 and S2). These data indicate that Tagap acts as a key signal transducer downstream of sema3E-activated plexin-D1.
We assessed whether Tagap was also important in regulating thymocyte adhesion in vivo. We found that the migration of postselection CD69 + DP thymocytes from the cortex to the medulla was impaired in Tagap KD mice. We observed a medullary/cortical ratio of ~9:1 for CD69 + cells in the thymus of WT mice, which was reduced to <1:1 in the thymi of Tagap KD mice [ Fig. 4 , A and B (top)]. In contrast to the relatively homogenous appearance of the cortex in the thymus from WT mice, the cortical areas of the thymus from Tagap KD mice contained many CD4SP thymocytes (Fig. 4A) . Furthermore, many of the cortical-located CD4SP and CD8SP cells were organized into discrete and relatively small medullary-like structures in addition to including CD4 +
Foxp3
+ regulatory T (T reg ) cells. The reduced medullary representation of both CD4SP and CD8SP thymocytes in the Tagap KD mice (Fig. 4B, middle) is consistent with impaired translocation from the cortex into the medulla.
The increased abundance of CD4SP cells in the cortex of the thymus of Tagap KD mice was similar to that observed in the thymus of Plxnd1 CKO mice ( fig. S4 and table S1), consistent with these proteins functioning in the same regulatory pathway. Both the medullary and cortical densities of CD4 + Foxp3 + T reg cells were increased in the Tagap KD mice; however, because the density of medullary T reg cells was 7-to 40-fold greater than that in the cortex, the effective density in the medulla was more profoundly increased than that in the cortex (Fig. 4B , bottom, and Table 1 ). Flow cytometry analysis of dispersed thymocytes from Tagap KD mice revealed a slight reduction in total T reg cell numbers (Fig. 4C, middle and right, and fig. S5A ). Disparities between tissue-embedded T lineage cells as assessed by in situ staining as opposed to flow cytometry are well known (25) and are compounded further by the organ disruption used to prepare a single-cell suspension that masks the tissue geographical distribution preserved in confocal microscopic analysis. The dichotomy between the cortical retention of Foxp3 − CD4SP cells and the increased medullary representation of Foxp3 + CD4SP cells led us to examine the abundance of plexin-D1 on CD4SP cell subsets. In contrast to CD8SP cells (2, 5) , CD4SP cells retained some plexin-D1 after positive selection in the cortex with no difference observed in expression between the Foxp3 + and Foxp3 − CD4SP subsets (Fig. 4C, left (Fig. 4C, left, and fig. S6 ). We next determined whether Tagap KD affected thymic selection. The representation of TCR -chain clonotype diversity (V) may be used as a low-resolution measure of repertoire alteration due to clonal expansion in response to infection or developmental abnormalities (30, 31) . TCR V chain usage in SP thymocytes was similar in WT mice and two strains of Tagap KD mice ( fig. S5B) , suggesting that the selected TCR repertoire was not grossly altered by the loss of Tagap. However, Tagap silencing diminished the increase in CD5 on positively selected CD69 + DP thymocytes (Fig. 4D, left, and fig. S5C ). The abundance of CD5 correlates with the strength of TCR signaling in thymocytes undergoing selection (32) . We found that the impaired induction of CD5 expression specifically affected the development of CD4SP cells, including Foxp3
+ T reg cells but not that of CD8SP cells (Fig. 4D, left and middle, and fig. S5C ). By generating mixed bone marrow chimeras in which Tagap KD thymocytes were in direct competition with WT cells, we observed that both genotypes were equally represented at the DP preselection stage (Fig. 4E and  fig. S5C ), but the development into mature CD4SP cells was impaired in the Tagap KD mice (Fig. 4E and fig. S7 , P = 0.07). From these results, we concluded that Tagap is required for the selection and maturation of thymocytes at the developmental stage during which plexin-D1 is also most critical, consistent with a role for Tagap in plexin-D1 signaling.
Identification of Tagap targets downstream of sema3E-stimulated plexin-D1 signaling
Given the observation that Tagap deficiency decreased thymocyte migration from the cortex to the medullary region of the thymus and, in the process, impaired the maturation of CD4SP cells, we examined in WT and Tagap KD thymocytes the effect of sema3E signaling on the activity of Cdc42, Rac1, and RhoA GTPases, which regulate cell migration and adhesion. In WT thymocytes, sema3E binding to plexin-D1 induced a transient increase in the amount of the active, GTP-bound form of Cdc42 (Fig. 5, A and B) . In thymocytes from Tagap KD mice, sema3E failed to increase the amount of active Cdc42. If Tagap functioned as a GAP for Cdc42, then its absence would be expected to increase activated Cdc42. Instead, the observed suppression suggests that Tagap is essential for the sema3E-induced increase in active Cdc42 but that this GTPase is not a direct substrate of the GAP activity of Tagap, suggesting that sema3E/plexin-D1 signaling releases Cdc42 from GAP constraints other than that of Tagap per se.
To identify direct and specific GTPase targets for Tagap, we used a reconstituted GAP assay independent of any potential cellular intermediates ( fig. S8) . We tested for GAP activity for Cdc42, Rac1, and RhoA, which are all main regulators of cytoskeletal reorganization and integrin abundance (14) . In this biochemical assay, Tagap acted as a GAP for RhoA at concentrations <40 nM, but it had less GAP activity for Cdc42 and negligible activity for Rac1 or RAS p21 GTPase (Fig. 5C ). Despite Tagap having low but measurable Cdc42 GAP activity in this assay, the reduced activation of Cdc42 by sema3E in Tagap KD thymocytes suggests that in the physiological milieu of (Fig. 5D ). Sema3E reduced the amount of activated RhoA in WT thymocytes. KD of Tagap reduced the basal amount of active RhoA, although total RhoA abundance was similar to that in WT cells (Fig. 5D ). The addition of sema3E did not statistically significantly reduce the amount of active RhoA in the Tagap KD cells.
DISCUSSION
Here, we demonstrated that Tagap, through RhoA, regulates the cytoskeletal organization of actomyosin fibrils pivotal for both cell contractility and the cycles of integrin adhesion and detachment necessary for directed thymocyte migration. The consequential downstream effect of Tagap is to release  1 integrin-mediated adhesion, which enables the migration of the thymocytes from the cortex to the medulla. Having shown that plexin-D1 reduces the amount of active Cdc42 in the absence of sema3E (Fig. 1C) and that this inhibition is not directly mediated by Tagap (Fig. 5,  A and B) , we propose that monomeric plexin-D1, its natural state in the absence of sema3E (16, 17) , also plays an important role in maintaining the  1 integrin-mediated adhesion status through its potential to sequester Cdc42 GAPs other than Tagap (Figs. 2B and 5E). Our screen identified two potential plexin-D1-interacting candi dates, Arhgap9 and Arhgap26, both of which have Cdc42 GAP activity (33, 34) . Arhgap9 additionally exhibits Rac1 GAP activity, whereas Arhgap26 also functions as a GAP for RhoA. In contrast to Arhgap26, Arhgap9 is well expressed at the CD69 + DP thymocyte stage (Fig. 2F ) and thus is a contender for blocking thymic stromal chemokineinduced induction of filopo dia and lamellipodia by Cdc42 and Rac1, respectively, on DP thymocytes, thus inhibiting leading edge formation and initiation of the migratory process. We predict that sema3E-induced dimerization of plexin-D1 leads to release of the Cdc42 GAP, collectively enabling chemokine-directed formation of a leading edge and the generation of a new binding interface that favors Tagap association, cytoskeletal remodeling, release of  1 integrinmediated adhesion, and directed thymocyte movement (Fig. 5E) .
Tagap deficiency led to a block of sema3E-induced release of  1 integrin-mediated thymocyte adhesion and, consequently, cortical retention with a decrease in thymocyte migration to the medulla after positive selection. Nevertheless, we observed one population of cells, Foxp3 + CD4
+ T reg cells, that exhibited increased migration to the medulla not only in Tagap KD mice but also in Plxnd1 CKO mice. The CD4SP T reg cells had high surface amounts of neuropilin-1, an established accessory signaling protein for sema3 family directional cues (29) . Neuropilin-1 in neurons negates and may even override the directional cues initiated by sema3E binding to plexin-D1 (28) . Thus, the high expression of neuropilin-1 on postselection Foxp3 + CD4SP T reg cells likely facilitates their translocation to the medulla in response to chemotactic cues independently of sema3E/plexin-D1 signaling. In contrast, in the Strong expression of full-length plexin-D1 in cortex-localized DP thymocytes in the absence of sema3E leads to very low basal Cdc42 activation, with no increase in response to CXCL12 (Fig. 1C) and minimal CXCL12-directed migration (2) due to sequestration of a Cdc42 GAP, possibly Arhgap9 or Arhgap26 (Fig. 2A) . Upon binding to sema3E, plexin-D1 forms homodimers, generating an altered cytoplasmic domain-binding interface, releasing Cdc42GAP and recruiting tagap together with other GTPase regulatory proteins. Tagap facilitates the cycling of RhoA between active and inactive states, which leads to cytoskeletal reorganization and the release of activated  1 integrins and loss of adhesion. The separation of plexin-D1 from Cdc42 GAP further enables increases in active Cdc42 abundance, which accelerates chemokine-directed migration (2).
context of Tagap KD or Plxnd1 CKO, Nrp1 lo Foxp3 − CD4SP thymocytes would be insensitive to sema3E, thus potentiating cortical retention.
Our proposed model (Fig. 5E) is consistent with the results presented here and underpins the proposal that plexin-D1 may form a hub for the assembly of multiple GTPase regulatory proteins in thymocytes. This would further be consistent with the plexin-D1 GAP activity observed for Ras GTPases in other model cell lines in which assay of active GTPase levels in cell lysates would not differentiate between that exerted directly by plexin-D1 and that by an associated GAP. The association of binding complexes composed of protein modules specific to a cell type might form the basis for sema3E/ plexin-D1 to orchestrate developmental processes in various tissues. For example, Tagap is dominantly expressed in hematopoietic cells, whereas in vascular endothelial cells, where Tagap expression is much reduced, the cytoplasmic tail of plexin-D1 associates with SH3BP1 (35), a Cdc42GAP whose expression in thymocytes is weak (table S1). While this manuscript was in review, it was reported that sema3E signaling through plexin-D1 suppresses the induction of filopodiumlike lateral protrusions by activated Rac1 in neurons from newborn mice (36) . However, we found no evidence to suggest that plexin-D1 is a direct GAP for Rac1 in thymocytes, which is consistent with our proposal that other tissue-specific GAPs mediate Rac1 signaling downstream of plexin-D1. Detailed characterization of plexin-D1 signaling complexes in thymocytes will lead to additional insights into the molecular controls of positive and negative selection and T reg cell development where polymorphisms in the TAGAP locus may impinge upon the quality of central tolerance established in the thymus. Furthermore, the reliance of plexin-D1 on divergent downstream signaling intermediates for tissue-specific effects has broad implications for plexin function in cell guidance and developmental processes more generally. ); no blinding or randomization was used. Doxycycline administration in the water required, by necessity, the separation of Tagap KD mice from untreated littermates. Mice of all genetic backgrounds bore progeny with no gender distortion ratio related to genotype, and female and male mice were used without distinction in all experiments.
MATERIALS AND METHODS
Mice
Recombinant protein expression
Recombinant sema3E protein was produced as a mouse 2c Fc fusion protein as described previously (5) . For screening potential interactions with plexin-D1, native, full-length plexin-D1 was expressed from pcDNA3.1 (pcDNA3.1-plexin-D1), and the Arhgap proteins were expressed as N-terminal fusion proteins from pFLAG-CMV-4. Each recombinant GAP protein consisted of an N-terminal FLAG sequence upstream of amino acid residues 55 to 479 of National Center for Biotechnology Information (NCBI) sequence NP_001139374.1 for Arhgap1, residues 23 to 332 of NP_076032.2 for Arhgap3, residues 5 to 473 of NP_ 666123.2 for Arhgap9, residues 3 to 987 of NP_852081.2 for Arhgap11a, residues 3 to 838 of NP_001034781.1 for Arhgap12, residues 5 to 1085 of NP_ 001074506.1 for Arhgap13, residues 3 to 481 of NP_ 722542.2 for Arhgap15, residues 3 to 846 of NP_653112.2 for Arhgap15, residues 4 to 648 of NP_ 001032816.1 for Arhgap25, residues 5 to 814 of NP_780373.3 for Arhgap26, residues 5 to 670 of NP_ 598476.2 for Arhgap27, and residues 5 to 714 of NCBI reference sequence NP_ 666080.1 for Tagap. For purification of recombinant Tagap, human embryonic kidney-293T (HEK 293T) cells were transfected with the plasmid pFLAG-CMV-4-tagap with Lipofectamine 2000. Forty-eight hours later, cell lysates supplemented with cØmplete protease inhibitors (Roche) were prepared for affinity purification on anti-FLAG M2 agarose beads (Sigma-Aldrich) and eluted with the 3× FLAG peptide (100 g/ml). Purity and integrity were assessed by silver staining, Western blotting, and mass spectrometry analysis of tryptic digests. GST-PAK1-CRIB(70-117) was expressed from pGEX2-TK-PAK1-CD (J. Chernoff, Fox Chase Cancer Center, Philadelphia, PA) and purified from a denaturing lysate of isopropyl--d-thiogalactopyranoside-induced (0.5 mM, 4 hours) transformed Escherichia coli culture by glutathioneagarose affinity chromatography. For the reconstituted GAP assays, the complete cytoplasmic domain of mouse plexin-D1 was subcloned into pcDNA3.1 in line with the 3′ vector-encoded myc-His 6 tag. To produce purified protein, HEK 293T cells were transfected with the construct with Lipofectamine 2000. Twenty-four hours later, cell lysates supplemented with cØmplete protease inhibitors (Roche) were prepared for affinity purification on His-Select beads (Sigma-Aldrich) and eluted with 250 mM imidazole, followed by buffer exchange into tris-buffered saline (TBS). For the coprecipitation assays examining the direct interaction of plexin-D1-cyto with recombinant Tagap, all incubations were performed in low protein-binding tubes (Eppendorf).
Cell line development
The DP257-20-109 thymocyte-like cell line (15) was used as the basis for the stable expression of large amounts of full-length, transmembrane plexin-D1 and myr-plexin-D1-cyto (parental cell line provided by T. Tadakuma). The surface antigen phenotypic profile of DP257-20-109 is characteristic of a preselection DP thymocyte ( fig. S1 ). Full-length plexin-D1 was expressed from pcDNA3.1 (pcDNA3. 1-neo-plexin-D1), and clones with high cell surface expression were isolated by limiting dilution in G418 (500 g/ml) and screened for surface plexin-D1 by FACS analysis of sema3E binding using mouse purified IgG2c as an isotype control. Cell-bound sema3E was detected with anti-mouse IgG2c-phycoerythrin (PE) (Jackson Immuno Research). For the myristoylated plexin-D1 cytoplasmic domain (myr-plexin-D1-cyto), a myristoylation motif (MGASSS) was introduced upstream of residues 1294 to 1925 of plexin-D1 (NCBI reference sequence NP_080652) and subcloned into pcDNA3.1-neo R . G418-resistant clones were isolated by limiting dilution, and lysates were prepared and screened for reactivity with a polyclonal rabbit anti-mouse plexin-D1 intracellular (anti-plexin-D1-IC) domain-specific antibody by Western blotting (5).
Identification of plexin-D1-interacting GAPs by immunoprecipitation
After being seeded into six-well plates, HEK 293T cells were grown to 50 to 75% confluence and then were transfected with a pcDNA3.1 full-length transmembrane mouse plexin-D1 (WT, untagged) construct (1.25 g) alone or together with pFLAG-CMV-4-GAP (1.25 g) using Lipofectamine 2000. Incubations were continued for a further 24 to 36 hours, after which the cells were imaged, which was followed by lysis with 2× lysis buffer [2% Triton X-100, 500 mM NaCl, 50 mM tris-HCl (pH 7.2), and 10 mM MgCl 2 ]. Lysates were clarified by centrifugation and then were incubated with anti-FLAG M2 agarose beads (Sigma-Aldrich) for 16 hours at 4°C. After four washes in lysis buffer, followed by two washes in TBS, the beads were treated with 2× Laemmli SDS-PAGE loading buffer and heated at 70°C for 10 min, followed by SDS-PAGE separation under reducing conditions, transfer to nitrocellulose membranes, and blocking in bovine serum albumin (BSA)/TBS with Tween 20 (TBST) (5%/0.5%) overnight. Blots were developed with rabbit polyclonal anti-plexin-D1-IC domain, which was followed by anti-rabbit-horseradish peroxidase (HRP) and chemiluminescence analysis to determine FLAG-GAP coprecipitated plexin-D1.
Lentiviral transgenesis
Lentiviral transgenic mice were generated as described previously (37, 38) . Briefly, NOD zygotes were microinjected into the perivitelline space with lentiviral particles and then implanted into pseudopregnant Swiss-Webster female mice. Founder mice born after microinjections were screened for GFP expression macroscopically and by flow cytometry using peripheral blood samples. We generated two transgenic lines, T8 and T12, using distinct shRNA constructs to target Tagap by RNAi. Transgene expression was ubiquitous and uniform in all immune cells analyzed. Transgenic mice were bred with WT NOD mice and maintained as hemizygous for the transgene. Nontransgenic littermates were used as controls for all experiments, and mice were not separated by genotype after weaning. Control and transgenic mice were kept cohoused for all experiments. Comparisons between mice treated or not with doxycycline (200 g/ml of water ad libitum) were performed with mice housed in different cages.
Tagap targeting by RNAi
For lentiviral RNAi, we cloned two distinct shRNA sequences (T8, GGGAGTATGAGGTCAAGAA; T12, CACCAGAGTTTCACAA-CAA) into the pUTG vector (39) that contains a tetracycline (Tet)-inducible H1 promoter (P H1 ) driving shRNA expression and a ubiquitin (UBC) promoter (P Ub ) driving the expression of a Tet repressor (TetR)-T2A-GFP transgene. For in vitro validation, shRNA expression was induced with doxycycline (1 g/ml; Sigma-Aldrich). For in vivo Tagap KD, doxycycline was provided ad libitum in the drinking water at a concentration of 200 g/ml. To assess the efficacy of RNAi-mediated suppression of Tagap expression, quantitative reverse transcription polymerase chain reaction was performed using the following primers: Tagap, 5′-GCTGTTTGACCAACCCTTGT-3′ (forward) and 5′-GCA-GAGGATGGTGAGGATGT-3′ (reverse). The extent of suppression of Tagap protein production was determined by cotransfecting HEK 293 T cells with pFLAG-CMV-4-tagap and pUTG-P H1 -TetO-tagap-shRNA-P Ub -TetR-T2A-eGFP and determining the abundance of FLAG-tagap by Western blotting analysis of cell lysates 24 to 48 hours after transfection.
Flow cytometry
Tissues analyzed by flow cytometry were disaggregated into single-cell suspensions in phosphate-buffered saline supplemented with 2% fetal calf serum (FCS) and 2 mM EDTA, passed through a 70-m nylon mesh strainer, and washed several times before antibody staining. Cells , and V13 (MR12-4) were purchased from BioLegend, whereas V4 (KT4) was purchased from BD Biosciences. Appropriate isotype-label controls were used in all instances. To detect cell surface plexin-D1, we took advantage of the observation that the only significant receptor for sema3E on thymocytes is plexin-D1 (2), which enabled us to use the binding of sema3E as a measure of plexin-D1 expression. Sema3E-Fc2c was prepared as previously described (5) and directly labeled with allophycocyanin (APC) using the Lynx rapid APC antibody conjugation reagent (Bio-Rad) according to the manufacturer's instructions. Mouse IgG2c-APC (Jackson ImmunoResearch) was used as an isotype control.
Confocal imaging
Thymic frozen sections were analyzed as described previously (2, 5) . Briefly, after embedding in optimal cutting temperature compound (Sakura Finetek), sectioning, and fixation in acetone for 10 min, thymic frozen sections (4 m) were stained with the appropriate antibodies after blocking in 1% BSA-TBST overnight at 4°C. After staining and a final wash for 30 min, sections were mounted with ProLong Gold Antifade (Thermo Fisher Scientific). Images were acquired with a Leica SP5X laser scanning confocal microscope equipped with an acousto-optical beam splitter system (Leica Camera AG) with a 40× oil objective (Plan-Apochromat, NA1.25) using Leica Application Suite Advanced Fluorescence software. Image processing and analyses were performed with Fiji/ImageJ software (http://rsbweb.nih.gov/ij/). Note that in all instances, images were initially captured in monochrome for maximum resolution and subsequently digitally colored for optimum differentiation. For CD69 analysis, sections were stained with anti-CD8a-eFluor660 (53-6.7) and anti-CD69-eFluor450 (H1.2F3) from eBioscience and anti-CD4-AF594 (GK1.5) from BioLegend. For Foxp3 analysis, sections were stained with anti-CD4-AF594 (GK1.5) and anti-CD8a-BV421 (53-6.7) from BioLegend and with anti-Foxp3-eFluor660 (FJK-16s) from eBioscience. For the experiments shown in fig. S4 , analyzing a 200 m × 150 m rectangle centered on the asterisk, the brightness and contrast of the monochromatic, single-layer CD4 and CD8 signals were adjusted to the same median signal intensity and then falsely colored in green and red, respectively.
Generation of bone marrow chimeric mice
Bone marrow cells were harvested from 7-to 9-week-old WT and Tagap KD NOD mice, and lineage-positive cells were removed using a Lineage Cell Depletion kit (Miltenyi Biotec Inc.) according to the manufacturer's instructions. Seven-week-old WT NOD mice were irradiated with 10 Gy in two doses and then were injected with lineage-depleted WT and Tagap KD bone marrow cells (0.5 × 10 6 each) through the tail vein. Chimeric mice were analyzed after 6 weeks.
Imaging of cell adhesion
Single-cell suspensions of primary NOD WT or Tagap KD thymocytes were suspended at a density of 1 × 10 6 cells/ml in RPMI 1640 medium containing 1% FCS, and 15 l (1.5 × 10 4 cells) was loaded onto a -slide V10.1 channel slide (ibidi GmbH) previously coated with recombinant mouse VCAM-1 (2.5 or 10 g/ml) for 16 hours at room temperature, followed by blocking with RPMI 1640/1% FCS. The chambers were incubated at 37°C for 30 min to permit cell settling and adhesion, and then the nonadherent cells were washed away by establishing a flow of 2.5 l/min of RPMI 1640/1% FCS (prewarmed to 37°C) across the chamber for 10 min with constant removal of unbound cells exiting the chamber. In the absence of VCAM-1, not a single cell bound to the chamber surface. Sema3E (5 g/ml) was then introduced to establish a flow rate of 2.5 l/min for 45 min, followed by 5 min at 15 l/min. Cell images were taken every minute and assembled in sequence to generate a single time-lapse video file. Individual cell motility was determined using ImageJ software incorporating the MTrackJ particle tracking plug-in (40) .
Mammalian two-hybrid interaction assays
To determine direct interactions between the plexin-D1 cytoplasmic tail and GTPases, the Matchmaker Mammalian System 2 (Clontech) was used according to the manufacturer's instructions. Briefly, a fusion protein of the VP16 Herpes virus transcriptional activator activation domain upstream of the plexin-D1 cytoplasmic domain (ADplexin-D1) was generated. Point mutations (G12V) were introduced into the GTPases to generate constitutively active conformations except for Ralb (G23V), Ran (Q69L), and RhoH, which is constitutively active in its natural form (41) . The GTPases were cloned into the pM vector to generate for each GTPase a fusion protein downstream of the GAL4 DNA binding domain (DNA-BD-GTPase). The interaction of SV40 large T antigen (AD-SV40-T) with p53 protein (DNA-BD-p53) was used as a positive control. The interaction of the plexin-D1 cytoplasmic domain with a constitutively active GTPase brings the AD and DNA BD into proximity, which leads to transcriptional activation of secreted alkaline phosphatase (SEAP) from the pG5-SEAP reporter vector. HEK 293 cells were transfected with each DNA-BDGTPase together with pG5-SEAP alone (GTPase-specific negative control) or with plasmid encoding AD-plexin-D1 (test condition). HEK 293 cells cotransfected with DNA-BD-plexin-D1, pG5-SEAP, and AD-plexin-D1 were used as a further control for possible plexin-D1 dimerization. Forty-eight hours after transfection, the cell culture medium was then tested for SEAP activity by hydrolysis of p-nitrophenyl phosphate and the spectrophotometric determination at 405 nm of released p-nitrophenol.
GTPase activation
For initial determination of Cdc42 activation by sema3E and optimization of conditions, the G-LISA Cdc42 assay kit (Cytoskeleton Inc.) was used according to the manufacturer's protocol to determine the effects of sema3E (0 to 10 g/ml) at various times (0 to 30 min) on Cdc42 activation in the DP257-20-109 DP thymocyte cell line (Fig. 1A) . Cell lysates were snap-frozen and stored at −80°C to permit protein determination. Samples were adjusted to 1 mg/ml before 50 l was assayed through binding of activated Cdc42 to its downstream signal transducer, the CRIB domain (amino acid residues 70 to 117) of PAK1 immobilized on enzyme-linked immunosorbent assay plates. Once optimal conditions of sema3E concentration (3 g/ml) and assay time (10 min) had been established for Cdc42, a reproducible pulldown assay was used to assay Cdc42 activation. Briefly, DP257-20-109 cells or freshly isolated thymocytes were suspended at 2.5 × 10 7 cells in 225 l of Opti-MEM I (Life Technologies) and incubated for 3 hours at 37°C to determine basal Cdc42 activity in the absence of serum. At time zero, control medium or sema3E was added (25 l) to each sample (to a final concentration of 3 g/ml) for 10 min at 37°C, which was followed by the addition of 250 l of 2× lysis buffer (as described above for GAP coimmunoprecipitation of plexin-D1) on ice for 5 min. After rapid removal of cellular debris by centrifugation at 21,000g for 3 min, 25 l of sample was removed from each clarified supernatant as a control for total Cdc42. Before the assay, glutathione beads were preincubated with GST-PAK1-CRIB(70-117), and 100 l of a 50% suspension bearing 30 g of GST-PAK1-CRIB(70-117) was prepared, to which thawed lysate was directly added and incubated with rotation at 4°C for 30 min, followed by four washes in ice-cold lysis buffer. Samples were separated on a 12.5% tris-HCl reducing SDS-PAGE gel, transferred to nitrocellulose, and blocked in TBS containing 0.05% Tween 20 and 5% BSA. Active and total Cdc42 were detected with rabbit polyclonal antiCdc42(P1) (Santa Cruz Biotechnology), followed by anti-rabbit-HRP (Cell Signaling Technology) and chemiluminescent development. Band densities were estimated using ImageJ software (40) . To assay active RhoA in WT and Tagap KD thymocytes, the G-LISA RhoA assay kit (Cytoskeleton Inc.) was used according to the manufacturer's protocol, using the same sema3E incubation conditions as those determined for Cdc42. Lysis was performed by adding an equal volume of the 2× lysis buffer directly to the incubated thymocytes. All lysates were adjusted to a final protein concentration of 1 mg/ml before the assay. Comparison of total RhoA between the lysates was performed by Western blotting analysis with rabbit monoclonal antiRhoA (clone 67B9; Cell Signaling Technology).
GAP activity assay
Direct GAP activity of recombinant plexin-D1 and recombinant Tagap was assayed using the RhoGAP assay kit (Cytoskeleton Inc.) according to the manufacturer's instructions. GAP activity of plexin-D1 for Cdc42, Rac1, R-Ras, and Rnd3 (ProSpec-Tany TechnoGene Ltd.) and of Tagap for Cdc42, RhoA, Rac1, and Ras p21 (Cytoskeleton Inc.) was determined by loading each GTPase with GTP and measuring the kinetics of release of P i in the presence or absence of plexin-D1 or Tagap, respectively. The assay for the GAP activity for plexin-D1 used the non-myristoylated cytoplasmic domain (125 nM final concentration; 0.5 g per well) together with GTPase (~20 M final concentration) in 40 l of reaction buffer/well in 384-well microplates. GAP activity for tagap (0 to 80 nM final concentration; 0 to 0.32 g per well) was assayed using GTPases at a final concentration of ~30 M. p50-RhoGAP was used as a positive control GAP for RhoA, Cdc42, and Rac1; it has minimal activity for Ras p21 and R-Ras. After incubation at 37°C, CytoPhos reagent (Cytoskeleton Inc.) was used to detect P i in the end-reaction supernatants (10 min) and the absorbance at 650 nm was measured. A P i standard curve was generated from dilutions of KH 2 PO 4 (100 mM) to determine Tagapspecific GAP activity for each GTPase tested.
Bioinformatics and statistical analysis
Initial GAP candidates were identified in the NCBI GenBank Genome Research Consortium Build GRCm38.p4 (mouse; C57BL/6J; 3/23/2015). Candidates were refined using the Immunological Genome Project Consortium gene expression data for mouse TCR T cell differentiation (21) as the primary selection mechanism and refined using BioGPS mouse data sets (42) . Arhgap sequence references for recombinant protein production are based on GRCm38. p4. The Chr.6 representation of the TAGAP locus and associated SNPs is based on NCBI GenBank Genome Research Consortium Build GRCh38.p7 (human; 3/21/2016). Data are presented as means ± SEM, and sample distributions were compared using the Student's t test with two-tailed probability values derived from the t value and n − 2 degrees of freedom. Regarding sample size, no statistical methods were used to predetermine requirements to achieve an adequate power or confidence level, and experimental samples were not randomized in any way. The experiments were not blinded to sample identity or mouse genotype during the experiments or their outcome assessment.
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